Based on our molecular phylogenetic analysis of haplolepideous mosses with concatenated sequences of chloroplast rps4 and rbcL genes, a new family Timmiellaceae is erected to accommodate the genera Timmiella and Luisierella, both of which have been formerly included in the family Pottiaceae. The family Timmiellaceae is resolved as a secondbranching clade together with Distichium (Distichiaceae) within the Dicranidae (haplolepideous moss) lineages and phylogenetically distinct from the Pottiaceae. Reassessment of morphological characters suggests that a combination of the characters: 1) adaxially bulging and abaxially flat leaf surfaces, 2) sinistrorse or straight peristomes, when present, and 3) sinistrorsely arranged operculum cells is unique to Timmiellaceae and discriminates it from other haplolepideous moss families.
Introduction
The genus Timmiella (De Notatis 1865: 100) Limpricht (1888: 590) is a haplolepideous moss which has been placed in the family Pottiaceae Schimper (1856: 24) since it was first described as a section of the genus Trichostomum Bruch in Müller (1829: 396) by De Notaris (1865). Although many authors have placed the genus in the subfamily Trichostomoideae (Schimper 1860: 141) Brotherus (1902: 381) of the Pottiaceae (Limpricht 1888 , Brotherus 1902 , 1924a , Hilpert 1933 , Chen 1941 , Podpěra 1954 , Saito 1975 , Corley et al. 1981 , Walther 1983 , the systematic position of the genus has been questioned because of its unique morphological characters [e.g. denticulate to dentate leaf margins, bistratose lamina, adaxially bulging and abaxially flat lamina, and sinistrorse peristomes (twisted to the left when viewed from the side)]. These characters indicate that it has a different evolutionary line from the other genera of Trichostomoideae as noted by Saito (1975) . Based on cladistic analysis using morphological characters, Zander (1993) established the subfamily Timmielloideae Zander (1993: 68) with its sole genus Timmiella.
Recent molecular phylogenetic studies have suggested the exclusion of T. anomala (Bruch & Schimper 1842: 196) Limpricht (1888: 592) or T. crassinervis (Hampe 1860: 456) Koch (1950: 11) from the Pottiaceae and their repositioning as an early-diversing clade within the Dicranidae Ochyra (2003: 104) (haplolepideous mosses) (La Farge et al. 2000 , Werner et al. 2004 , Hedderson et al. 2004 , Tsubota et al. 2004 , Wahrmund et al. 2009 , Cox et al. 2010 . However, Timmiella was retained as a member of the Pottiaceae because of its morphological affinity to the family, especially the distinctive twisted peristome (Zander 2006 (Zander , 2007 . No taxonomic changes had been made based on the monophyletic groupings because the phylogenetic position of the genus in the early-diversing haplolepideous mosses remained to be fully resolved.
In the present study, the phylogenetic position and taxonomic treatment of Timmiella and its allied genera are reassessed based on phylogenetic analysis with concatenated sequences of chroloplast ribosomal protein S4 (rps4) and ribulose 1,5-bisphosphate carboxylase/oxygenase large subunit (rbcL) genes. We also discuss morphological characters that support the monophyly inferred from our analysis.
Materials and Methods

Taxon sampling
16 rps4 and 17 rbcL gene sequences of the Dicranidae, including the type species of Timmiella, T. anomala, were newly obtained for the present study. A total of 85 concatenated rps4 and rbcL gene sequences were examined in the present analysis, as shown in Appendix 1. Taxa were selected to represent the haplolepideous moss families recognized by Frey & Stech (2009) , as well as taxa placed in or near the Dicranidae by Cox et al. (2010) . We also included representatives of peristomate moss orders as outgroup taxa and used Buxbaumia aphylla Hedwig (1801: 166) and Diphyscium fulvifolium Mitten (1891: 193) as root of the tree following Tsubota et al. (2003 Tsubota et al. ( , 2004 and Cox et al. (2010) .
DNA extraction, PCR amplification and DNA sequencing
The protocol of the DNA extraction of total DNA followed Tsubota et al. (2009) and Suzuki et al. (2013) . Condition of PCR amplification for both rps4 and rbcL genes followed Tsubota et al. (1999 Tsubota et al. ( , 2000 and Tsubota et al. (2013) with modifications: denaturation at 98°C for 10 sec., annealing at 58°C for 35 sec., and extention at 65°C for 1-1.5 min. for total 45 cycles. Direct sequence analyses of the PCR products were performed following Inoue et al. (2012) . The design of the PCR and DNA sequencing primers followed Nadot et al. (1994) , Tsubota et al. (1999 Tsubota et al. ( , 2001 , Masuzaki et al. (2010) and Inoue et al. (2011 Inoue et al. ( , 2012 . The list of the primers newly designed in the present study is shown in Appendix 2. Sequences obtained in the present study have been submitted to DDBJ/EMBL/GenBank International Nucleotide Sequence Database Collaboration (INSDC).
Sequence alignment and phylogenetic analysis
The sequences were aligned using the program MAFFT ver. 7.027 (Katoh & Standley 2013) with some manual adjustment on the sequence editor of MEGA5.2 (Tamura et al. 2011) . The indel confirmed in the rps4 sequence of Catoscopium nigritum (Hedwig 1801 : 72) Bridel (1826 was treated as missing data.
Phylogenetic analysis using concatenated rps4 and rbcL gene sequences was performed based on maximum likelihood (ML) criteria (Felsenstein 1981) as previously described (Tsubota et al. 2003 , Ozeki et al. 2007 , Masuzaki et al. 2010 ) with some differences as follows: Prior to the phylogenetic reconstruction, model testing was performed based on AICc (Sugiura 1978 ) using Kakusan4 (ver. 4.0.2012 Tanabe 2011) to make a rational decision regarding the partitioning scheme and nucleotide substitution model that best fitted our data, and AU test in the final stage of the analysis scheme. Phylogenetic trees were constructed using the following four program packages to obtain the candidate topologies: (1) RAxML ver. 8.0.0 (Stamatakis 2014) with ML method using codon-partitioned model (GTR + G for all codon positions); (2) Garli ver. 2.01 (Zwickl 2006) with ML method using codon partitioned model (GTR + G + I for all codon positions); (3) PAUPRat (Sikes & Lewis 2001) over PAUP* ver. 4.0b10 (Swofford 2002) with the maximum parsimony (MP) method (Fitch 1971) to implement Parsimony Ratchet searches (Nixon 1999 ) using the Parsimony Ratchet search strategy with random weighting of each character in fifty 200 iteration runs; (4) BEAST v1.8.0 (Drummond et al. 2012) with Bayesian inference (BI) method using codon-partitioned model (GTR + G for all codon positions) with 100,000,000 generations. Re-calculation of likelihood values for each tree topology was performed with the GTR + G + I model which is the best fitted model for our data by PAUP. Alternative topology test and edge analysis were performed using the p-value of the approximate unbiased test (AU; Shimodaira 2002 Shimodaira , 2004 , bootstrap probability calculated through the same theory as AU (NP), and Bayesian posterior probability calculated by the BIC approximation (PP; Schwarz 1978 , Hasegawa & Kishino 1989 as implemented in CONSEL ver. 0.20 (Shimodaira & Hasegawa 2001) . A 50% majority-rule consensus tree for the topologies passing both AU and PP tests was also computed by MEGA. Supporting values more than 50% were overlaid to assess the robustness of each branch of the consensus topology: AU, NP and PP are shown on or near each branch.
Morphological investigation
Both fresh materials and dried specimens were used for light microscopic and scanning electron microscopic (SEM) observations. Preparation for SEM observation followed Inoue et al. (2011) . Voucher specimen information is listed in Appendix 3. 
D. T. anomala. E, F. T. barbuloides. G, H. T. crassinervis. I, J. T. diminuta. K, L. Luisierella barbula (Peristome teeth indicated by arrowheads). A, B from C. C. Hosseus 396 (HIRO). C, D from Y. inoue 1910 (HIRO). E, F from C. C. Townsend s.n. (HIRO). G, H from W. B. Schofield 14404 (HIRO). I, J from C. Y. Chang s.n. (TNS). K from R. A. Pursell 632 (HIRO). L from R. L. Redfearn Jr. 73-55
(HIRO). Scale bars = 100 µm.
Results
A total of 1595 distinct topologies were obtained in the ML, MP and BI analyses, of which 978 topologies passed the AU test and 9 topologies passed the PP test. Fig. 1 shows the 50% majority-rule consensus tree for the topologies passing both AU and PP tests. Five main clades are confirmed in the early-diversing haplolepideous moss lineages: Catoscopiaceae Boulay ex Brotherus (1904: 629) Brotherus (1924b: 420) . The clade consisting of Timmiella, Luisierella and Distichium Bruch & Schimper (1846a: 153) is resolved as the second-branching clade in the haplolepideous moss lineages. In this clade, Timmiella is sister to Luisierella with moderate supporting values (AU/NP/PP = 75/61/1.00; Fig. 1) .
Based on the phylogenetic tree, we reassessed the morphological characters shared with Timmiella and Luisierella which discriminate them from other haplolepideous moss families. In addition to gametophytic similarity: adaxially bulging and abaxially flat leaf surfaces, the sinistrorsely arranged operculum cells are unique to them. The operculum cells of T. anomala (type species) are sinistrorsely arranged and correlate with their sinistrorse peristome (Fig. 2, C  and D) . T. acaulon (Müller 1879: 320) R.H. Zander (1993: 70) , T. barbuloides (Bridel 1806 : 233) Mönkemeyer (1927 , T. crassinervis and T. diminuta (Müller 1898 : 177) Chen (1941 , whose peristomes are apparently straight, have sinistrorsely arranged operculum cells (Fig. 2, A , B and E-J). Luisierella barbula (Schwägrichen 1826 : 77) Steere (1945 , also has sinistrorsely arranged operculum cells, although its peristome is delicate and sometimes absent (Fig. 2, K and L) .
Discussion
In the present study, we have shown the precise phylogenetic position of Timmiella by using all basal haplolepideous taxa suggested in previous studies (La Farge et al. 2000 , Werner et al. 2004 , Hedderson et al. 2004 , Tsubota et al. 2004 , Wahrmund et al. 2009 , Cox et al. 2010 , Stech et al. 2012 ). The genus is distinct from the Pottiaceae-clade and resolved as the second-branching clade together with Luisierella and Distichium among the Dicranidae lineages. Zander (1993) distinguished Timmiella from the other members of the Potticaeae and established a monogeneric subfamily Timmielloideae based on a combination of characters: very wide costa with multiple hydroid strands, epapillose leaf cells, adaxially bulging and abaxially nearly flat laminal cells, weakly sinistrorse (clockwise) or straight peristome. Our study suggests that the direction of twist of the operculum cells, as well as the peristome, is a significant character that discriminates the genus from Pottiaceae and the other haplolepideous moss families. In Timmiella spp. with peristomes that are apparently straight, the operculum cells are sinistrorsely arranged. This suggests that the genus has a fundamentally sinistrorse amphithecium.
Although its peristome is delicate and sometimes absent, Luisierella, which is a monotypic genus of Pottiaceae and phylogenetically sister to Timmiella, also has sinistrorsely arranged operculum cells, adaxially bulging and abaxially flat leaf cell surfaces. The close relationship between Timmiella and Luisierella is thus both morphologically and phylogenetically supported. Luisierella is much smaller than Timmiella in plant size, and often grows in association with cyanobacteria (blue-green algae) (Reese 1984 , Deguchi 1987 , Zander 1993 . The genus Seligeria Bruch & Schimper (1846b: 7) which is a very small moss and phylogenetically sister to Grimmiaceae Arnott (1825: 19 ) (e.g. Tsubota et al. 2003 ) also grows in association with cyanobacteria (Longton 1988) . In the course of evolution, the association with cyanobacteria might have led these genera to reduced plant size.
The combination of characters: 1) adaxially bulging and abaxially flat leaf cell surfaces, 2) when present, sinistrorse or straight peristomes, and 3) sinistrorsely arranged operculum cells, supports the molecular groupings inferred from our analysis, and discriminates Timmiella and Lusisierella from the other haplolepideous moss families.
No significant characters that link Distichium and Timmiella + Luisierella are confirmed, although the two groups are phylogenetically sister to each other and both have the saxicolous habitat especially in limestone area (cf. Tanaka 2012 , Inoue et al. 2014 . The genus Distichium has distinct sporophytic and gametophytic characters: peristome teeth with dextrorse spiral thickenings in the basal portion, the distichous leaf arrangement and the mammillose subula. Although the two groups share mammillose leaf surfaces, our observation proved that the mammillae are present in both adaxial and abaxial surfaces in Distichium, whereas in Timmiella + Luisierella they are restricted to adaxial surface.
The family Distichiaceae was originally proposed by Schimper (1860) to include Distichium and eustichium Bruch & Schimper (1849: 159) [= Bryoxiphium Mitten (1869: 24) ], and later Limpricht (1887) placed Distichium in Ditrichaceae Limpricht (1887) . Due to its universal acceptance, Magill (1977) proposed Ditrichaceae as a conserved name against Distichiaceae and Ceratodontaceae Schimper (1860), and this proposal was adopted in the Berlin Code (Greuter et al. 1988) . From our study, the resultant tree suggests that Distichium should be treated as a distinct family from the other genera of Ditrichaceae. The family name Distichiaceae can be used to accommodate Distichium, because Distichiaceae and Ditrichaceae are heterotypic synonyms and either can be adopted as correct names when they are considered distinct from each other (Art 14.6, in ICN, Melbourne, McNeill et al. 2012) .
Taxonomy
Based on phylogenetic and morphological distinctions from the other haplolepideous moss families, we concluded that Timmiella and Luisierella are excluded from Pottiaceae and warrant accommodation within a new family. However, from the results no final decision regarding the order within which these families are accommodated can be made. Further analyses based on increased taxa, especially polyphyletic families such as Dicranaceae Schimper (1856: 11) , Ditrichaceae and Oncophoraceae Stech (2008: 14) , are necessary for further resolution. Diagnosis: Plants acrocarpous; leaves incurved and tubulose when dry, spreading when moist, leaf cell surfaces adaxially bulging and abaxially flat; peristomes straight to sinistrorse or absent, operculum cells sinistrorsely arranged.
